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Improving shear bond strength between feldspathic porcelain and zirconia
substructure with lithium disilicate glass-ceramic liner
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This study investigated the shear bond strength (SBS) between veneering porcelain and zirconia substructure using lithium disilicate
glass-ceramic as a liner. The mineral phases and microstructures of lithium disilicate glass-ceramic at temperature range of 800—
900°C were preliminarily investigated. SBSs of porcelain-veneered zirconia specimens with and without lithium disilicate glass-
ceramic liner fired at the same temperature were determined. Results showed that SBSs of veneering porcelain and zirconia with
lithium disilicate glass-ceramic liner was notably increased (p<0.05). Specimens from the group with the highest SBS (59.7 MPa) were
subject to thermocycling up to 10,000 cycles and their post-thermocycling SBSs investigated. Though weakened by thermocycling,
SBSs were above the clinically acceptable limit (25 MPa) of ISO 9693. Fractographic analysis revealed mixed cohesive and adhesive
failures. It was concluded that lithium disilicate glass-ceramic is a potential liner which generated high SBS between veneering

porcelain and zirconia.
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INTRODUCTION

An all-ceramic dental restoration composed of porcelain
veneer on a zirconia substructure has become a popular
alternative to metal-ceramic restorations due to its
comparatively high mechanical strength. Although
zirconia restorations seem to meet both esthetic and
mechanical demands, chipping or delamination of the
porcelain veneer is a frequently reported problem!?®.
Veneering porcelain is prone to chipping due to
brittleness. Chipping aggravated by residual stress
may cause delamination of veneering porcelain from the
zirconia substructure. Mechanical methods —such as
sandblasting, grinding and glass joining— have emerged
in a bid to improve the bond strength between zirconia
substructures and veneering porcelains*®.

Glass joining, being used for industrial applications
such as decorative stained glass or fuel cell technology,
is also used for the fabrication of dental prostheses by
producing a glass or glass-ceramic interlayer between
veneering porcelain and zirconia substructure®.
Currently, the commercially available glass-ceramic
interlayer is either feldspathic porcelain or a mixture of
feldspathic porcelain and leucite crystals. The interlayer
is a liquid suspension between zirconia substructure and
veneering porcelain used to enhance their adhesion.

The coefficient of thermal expansion (CTE) of
feldspathic porcelain at 25-500°C is about 8.8-9.2x10°6

Color figures can be viewed in the online issue, which is avail-
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K. Feldspathic porcelain tends to form additional
leucite”? (KAISi;:Os; CTE (25-700°C): ~20-25%107°
K1)%9 during firing, which consequently reinforces the
mixture. Multiple firing cycles also trigger the formation
of additional leucite due to the reaction between the
constituent ions of feldspathic porcelain. This may
then affect the CTE value of the veneering feldspathic
porcelain in consideration of the large CTE value of
leucite!®™, Dissimilarities in CTE values between two
materials bonded together will impair a stable long-term
bond between the two materials.

Lithium disilicate (CTE (25-800°C): ~9.3-9.9x10°6
K™) is another type of glass ceramic which offers
thermal shock resistance, thus leading to a more stable
CTE after multiple firing'?. Moreover, lithium disilicate
has CTE close to that of the veneering feldspathic
porcelain and zirconia substructure.

The purpose of the present study was to investigate
the possibility of using lithium disilicate glass-ceramic
as a liner between veneering feldspathic porcelain
and zirconia substructure. Shear bond strength
and thermocycling were used to characterize the
performance of the lithium disilicate glass-ceramic
liner. Null-hypotheses tested in this study were: (1)
Lithium disilicate glass-ceramic would have no effect
on shear bond strength between zirconia and veneering
porcelain; and (2) Thermocycling treatment would
have no effect on shear bond strength between zirconia
and veneering porcelain using lithium disilicate glass-
ceramic as a liner.
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MATERIALS AND METHODS

Details of the materials used in this study are shown in
Table 1.

Preparation of lithium disilicate glass-ceramic pellets
Lithium disilicate glass-ceramic liner was obtained from
the National Metal and Materials Technology Center,
Pathumthani, Thailand'. Specimens were divided into
three groups (n=8) according to three different firing
temperatures: 800°C (Li 800), 850°C (Li 850), and 900°C
(Li 900). Glass-ceramic liner pellets, 3 mm in diameter
and 2 mm in thickness, were fabricated from lithium
disilicate powder mixed with VITA VM® 9 Effect Bonder
Fluid (VITA Zahnfabrik, Bad Séackingen, Germany).
Mixture was pressed in an acrylic mold and vibrated to
condense the solid, and the liquid was drained out.

1. X-ray diffraction (XRD) analysis of mineral phases
The mineral phases of glass-ceramic liner pellets were
investigated using an X-ray diffractometer (Bruker D8,
Bruker AXS, Karlsruhe, Germany), operated between
5° and 80° 20, with a step width of 0.01° 20. After
firing, the mineral phases were identified by comparing
the obtained diffraction patterns with the diffraction
standards of International Center for Diffraction Data
(ICCD or JCPDS).

2. Scanning electron microscopy (SEM) analysis of
microstructure

After being fired at their respective temperatures,
the pellets were polished with #600, #800, and #1,000
silicon carbide papers and finished with 9-, 6-, 3-, and
1-um diamond paste (Leco, LECO Corp., Michigan,
USA). After for 5 min of cleaning in distilled water
using an ultrasonic cleaner, the pellets were coated

with gold particles by an ion beam sputtering device for
microstructure observation by SEM (JSM-6400 Scanning
Electron Microscope, JEOL Ltd., Tokyo, Japan).

Preparation of porcelain-veneered zirconia specimens
Thirty-two square specimens (10 mmX10 mmX2
mm) of pre-sintered zirconia (VITA In-Ceram® YZ,
VITA Zahnfabrik, Bad Sickingen, Germany) were
prepared from the commercial blocks using an IsoMet
cutting machine (Buehler, Lake Bluff, IL, USA). The
specimens were fully sintered in a furnace according to
manufacturer’s recommendation to achieve a density of
99% of theoretical density.

A piece of 0.1-mm-thick clear plastic tape with a
3-mm-diameter hole in the center was applied to 24 fully
sintered zirconia specimens (about 30% shrinkage). This
was done to define the bonding area and thickness of the
coating layer according to ISO Technical Specification
ISO/TS 11405:2003'. A layer of lithium disilicate glass-
ceramic paste (lithium disilicate glass-ceramic powder
mixed with VITA VM® 9 Effect Bonder Fluid) was
applied to the surfaces of all sintered zirconia specimens.
After the tape was removed from the zirconia surface,
the specimens were divided into three groups with eight
specimens per group. Specimens in each group were
fired at the respective temperature of 800°C (VITALi800
group), 850°C (VITALi850 group), or 900°C (VITALi900
group) in VITA VACUMAT 4000T furnace (VITA
Zahnfabrik, Bad Sickingen, Germany).

Eight specimens of sintered zirconia without liner
(VITAD) were prepared to serve as the control group.
A specimen each from the control group and the above-
mentioned three groups with lithium disilicate glass-
ceramic liner were secured in a split acrylic mold of 3 mm
diameter and 1 mm height. Three layers of veneering
porcelain (dentin) paste were incrementally applied

Table 1 Details of the materials used in this study (publicly available on the manufacturers’ website)
Materials Manufacturer Batch No. Main Composition [wt%] CTE. [10°K]
. . ® . ZI‘Oz 95 Wt%, Y203 5 Wt%,
Y & other oxides<1 wt%
Linin lthium disilicate A O
g glass-ceramic 11008y — Si0, 60 wt%, LiO. 30 wt%'® 9.3
material (test-group) Center, Thailand
sroup (MTEC)
. . SlOz 60—64 wt% Aleg, 13—-15 wt%
® ’ )
VITA VM® 9 VITA Zahnfabrik, 20470 K;0 7-10 wt%, Na,O 4-6 wt%, 9+0.2
Base dentin Germany B,O 3.3-5 wt%
Veneering 20 3.3-5 wt%
Porcelain .
® . SIOZ 60-64 Wt%, A120313—15 Wt%,
TraETﬁllngn n VIT%fiizflab“k’ 16340 K.0 7-10 wt%, Na,O 4-6 wt%, 9+0.2
P Y B.0 3.3-5 wt%
Liquid VITA VM® 9 VITA Zahnfabrik, 23550 Ethanol (F. R11) 2.5-10%
au Effect Bonder Fluid Germany Sodium hydroxide (C. R35)<2.5%
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onto all zirconia specimens, following the recommended
multiple firing schedule of the manufacturer. The
first layer of dentin paste was applied with a brush to
fill the mold and fired. The second and third layers of
dentin paste were incrementally applied to fill the mold
after the first and second firings to compensate the
shrinkage. Final thickness of the veneering porcelain
was approximately 1 mm. This procedure is illustrated
in Fig. 1.

1. Shear bond strength test

Prepared specimens were each embedded in polyvinyl
chloride (PVC) rings using polymethyl methacrylate
(PMMA) resin and stored in distilled water at 37°C
for 24 h before testing. Each specimen was secured
in a metal holder and attached to a universal testing
machine (Shimadzu, Kyoto, Japan). Each specimen
was stabilized to ensure that the edge of the shearing
jig touched the zirconia surface and was positioned as
close as possible to the veneer-substructure interface
following ISO 11405, A shear load was applied at a
crosshead speed of 0.5 mm/min. The ultimate load at
failure was recorded, and average shear bond strength
(MPa) was calculated by dividing the load (N) at which
failure occurred by the bonding area (mm?). Mean shear
bond strength and the standard deviation for each group
were calculated from these data.

2. Failure analysis
After failure occurred, the specimens were visually
analyzed under a stereo microscope (ML9300, Meiji
Techno Co. Ltd., Saitama, Japan) at x1.5 magnification.
Failure modes were classified into three types: (1)
Cohesive failure within veneering porcelain; (2) Adhesive
failure between glass-ceramic liner and zirconia
substructure; (3) Combined failure with both cohesive
and adhesive failures present.

Specimens were randomly chosen from each group

R\ —>

Fig. 1

(®)

and gold-coated using a sputtering device (Emitech
K550 Sputter Coater, Emitech Ltd., Kent, England). For
fractographic analysis, these specimens were observed
under a scanning electron microscope (JSM-6400
Scanning Electron Microscope, JEOL Ltd., Tokyo, Japan)
in back-scatter mode at 15 kV and X35 magnification.
Contrast between the white color of zirconia substructure
and the gray color of glass-ceramic liner or veneering
porcelain remaining on the zirconia surface were used to
determine the failure mode.

Thermocycling test

Specimens of the group that yielded the highest shear
bond strength were subject to the thermocycling
test. Eight specimens were placed in a water bath
(Inmotiontechnology, Bangkok, Thailand) to be
thermocycled for 5,000 or 10,000 cycles between 5+2°C
and 55+2°C for 125 h (5,000-cycle group) or 250 h
(10,000-cycle group). During thermocycling, the dwell
time for the specimens in each well was 30 s. Transfer
time between the wells was 30 s.

After thermocycling, specimens were embedded in
PVC rings using PMMA resin as previously described.
They were stored in distilled water at 37°C for 24 h before
testing. The SBS test of specimens after thermocycling
was performed as described above.

Results of SBS test were analyzed using one-way
ANOVA. Fractographic analysis was performed using
a stereo microscope and in back-scatter mode of SEM.
Mineral phases of the specimens after thermocycling
test were investigated for phase transformation, in
comparison with the corresponding specimens, by XRD.

Statistical analysis

SPSS statistical analysis software (SPSS Statistics
ver. 17, Cary, USA) was used to analyze the data. One-
way ANOVA followed by Tukey’s HSD test was used
for statistical analyses. Significance level was set at

— N\

Preparation of specimens for SBS testing.

(a) A layer of glass-ceramic liner is applied on zirconia surface; (b) Acrylic mold is
secured on zirconia surface to act as a template and thickness controller for applying

veneering porcelain (dentin) layer.
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a=0.05.

RESULTS

Mineral phase and microstructure of fired lithium
disilicate glass-ceramic
XRD results in Fig. 2 showed that, regardless of firing
temperature, lithium disilicate glass-ceramic liner
specimens contained o-quartz (Si0O), lithium disilicate
(LipS1,05), lithium  orthophosphate (Li;PO,), and
lithium aluminum silicate (LiAlSi;06). XRD data also
revealed that the prominent phase of lithium disilicate
glass-ceramic liner was quartz, followed by LisSi»O;
and Li;PO,. Moreover, there were respectively higher
amounts of Li;PO, and LiySi;05 in VITALi 800 and 850
groups, as shown by the higher XRD peaks, compared to
VITALi900.

The appearance of lithium disilicate glass-ceramic
liner (Li800) revealed small needle-like crystals of

o Quartz
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X-ray diffraction patterns of lithium disilicate glass-
ceramic liner specimens fired at temperatures of
800, 850 and 900°C.
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Li,S1,0;5 distributed in a glassy matrix of the original
glass-ceramic particles (Fig. 3a). The microstructure
of Li850 showed a continuous glass matrix with many
large pores in close proximity (Fig. 3b) —which indicated
a higher degree of melting, and the presence of long
needle-like LiySi;O; crystals. After firing lithium
disilicate glass-ceramic at 900°C, a more homogeneous
glassy matrix was observed. There was almost no
porosity and the crystals were longer and thinner
compared to the other conditions (Fig. 3c).

Shear bond strength and failure mode

Table 2 shows the SBS results. VITALi850 group
demonstrated the highest SBS (59.7 MPa), which was
significantly different from the other groups (p<0.01).
In contrast, VITALi900 group showed the lowest SBS.
The mean SBSs of all groups were above the clinically
acceptable limit of 25 MPa.

Figure 4 shows the fracture surfaces of VITAD
(Figs. 4(a)—(c)) and VITALi850 (Figs. 4(d)—(f)). The
control group VITAD demonstrated adhesive failure
predominantly. The other three groups with lithium
disilicate glass-ceramic liner demonstrated both
adhesive and cohesive failures regardless of firing
temperature. Cohesive failure is demonstrated by
the traces of glass-ceramic liner (lighter areas in the
figures) remaining on both the zirconia (Fig. 4e) and
feldspathic ceramic surfaces (Fig. 4d). Adhesive failure
is demonstrated in the control samples by a clean
veneering porcelain surface (Fig. 4a) and zirconia
surface (Fig. 4b). This is confirmed by the back-scattered
SEM images of the zirconia side of VITAD (Fig.4c) and
VITALi850 (Fig. 4f).

Shear bond strength test after thermocycling

All specimens survived after being thermocycled for
5,000 and 10,000 cycles; their mean SBSs were 39.6 MPa
and 37.0 MPa respectively. The mean SBS of the control
group was 59.7 MPa, which was significantly higher
than the thermocycled specimens (p<0.05) (Table 3).

@
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STREC 15KV 41,000 24um

Lithium disilicate glass-ceramic liner fired at 800°C (a), 850°C (b) and 900°C (c).

Image is shown at x10,000 magnification at the upper right corner. Red arrows

indicate the presence of Li»Si,O5 crystals.
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Phase transformation after thermocycling

Before thermocycling, the microstructure of VITALi850
specimens was tetragonal. After thermocycling,
representative XRD results of VITALi850 in Fig. 5 showed
that the microstructure of zirconia surface was partially

transformed from tetragonal phase to monoclinic phase
regardless of the number of thermocycles.

Microstructural changes after thermocycling
Back-scattered SEM images (Fig. 6) revealed traces of

Table 2 Mean shear bond strengths of porcelain-veneered VITA zirconia substructures with and without lithium disilicate

glass-ceramic liners

Shear bond strength (SD)

Mode of failure*

Group

(MPa.) Cohesive Adhesive Combined
VITAD 41.3 (10.8) — 5 3
VITALi800D 44.4 (9.2) — — 8
VITALi850D 59.7 (4.3) * 2 1 5
VITALi900D 31.0 (10.6) ** — — 8

(***indicates statistically significant difference from the control at p<0.01, ¥indicates number of specimens)

Porcelain surface Zirconia surface Back scattered image of zirconia
surface
= T e PR
(a) (b) R (c)
2
£ v 2 |4
VITAD ’ ; g
g P
v e = i
e )"' e
(d) (e) (f)
VITALI850
Fig. 4 Stereomicroscopic and back-scattered SEM images of the fracture surfaces.

P in (a) and (d) indicates the exposed veneering porcelain surface; Z in (b), (c), (e) and
(f) indicates the exposed zirconia surface; G in (e), (d) and (f) indicates the exposed

glass-ceramic surface.

Table 3 Shear bond strength after thermocycling for 0 cycle, 5,000 cycles and 10,000 cycles

Shear bond strength (SD)

Mode of failure ¥

firoup (MPa.) Cohesive  Adhesive  Combined
Without thermocycling treatment 59.7 (4.3)* 2 1 5
VITALi1850D with thermocycling 5,000 cycles 39.6 (9.7) — — 8
VITALi850D with thermocycling 10,000 cycles 37.0 (8.8) — — 8

(*indicates statistically significant difference at p<0.05, ¥indicates number of specimens)
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Representative XRD patterns of VITALi850 before thermocycling (a) and after
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Fig. 6  Back-scattered SEM images of the zirconia surface of fractured VITALi850 specimens:
(a) An outer corroded zone and an inner intact zone after 5,000 thermocycles; (b) A
completely corroded surface after 10,000 thermocycles.

glass-ceramic liner present on the zirconia surfaces of
VITALi850 specimens. Surface of the specimen that
was thermocycled 5,000 times revealed an outer zone
of corrosion with pits and fissures and an inner non-
corroded zone (Fig. 6a). In contrast, the specimen that
was thermocycled 10,000 times was corroded across its
entire surface (Fig. 6b).

DISCUSSION

Shear bond strength measurements showed that
veneering porcelain on zirconia with lithium disilicate
glass-ceramic liner fired at 850°C (VITALi850) had the
highest mean SBS. This favorable SBS result could
be attributed to the difference in the mineral phase
composition of glass-ceramic liner. Unlike the glass
matrix, the contents of lithium orthophosphate and
lithium disilicate crystals (flexural strength is 350-450
MPa'?) which contribute to high strength, decrease with
increasing firing temperature. This also explained the
lower SBS of VITALi900 group.

However, the glass matrix is needed in the wetting

of zirconia substructure surface to ensure good diffusion
bonding. Therefore, the absence of glass matrix
formation at a low firing temperature led to the low
mean SBS of VITALi800 group.

It has been reported that the probable cause of
porcelain chipping leading to delamination is due to the
stress generated by CTE mismatch between the zirconia
substructure and veneering porcelain'®'?. In the case
of lithium disilicate, CTE mismatch would be less of
a consequence since it has a low CTE'?, which is also
compatible with both feldspathic porcelain and zirconia.
Therefore, the CTE of lithium disilicate glass-ceramic
liner tends to be stable after multiple firings.

The morphology of each crystal phase of glass-
ceramic after heat treatment may have an effect on
bond strength. Through the preliminary analysis, the
microstructures of lithium disilicate glass-ceramic fired
at different temperatures demonstrated the influence
of time and temperature on microstructural evolution.
For VITALi800 and VITALi900, proper melting did
not occur: there were void spaces around the glass-
ceramic particles when fired at a low temperature or
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the formation of a homogeneous glassy matrix at high
temperature. Long needle-like Li»Si;05 crystals were
observed at 850°C. Such a crystal morphology could
have a higher potential to withstand applied forces and
resist crack propagation'®.

The firing schedule of veneering porcelains involves
multiple firings designed to retain the microstructure
of the porcelain and shape of the veneer. Thus, the
firings are done at high firing and cooling rates but of
short duration. These are done to achieve good diffusion
bonding between the adjacent veneering layers.

In this study, after firing the first layer of glass-
ceramic liner at 850°C, the microstructure presented
many large pores in close proximity. The base layer
of dentin porcelain fired at 930°C could then easily
penetrate the pores and fuse with lithium disilicate
glass-ceramic, forming a strong glassy diffusion bond.
As the glass-ceramic liner progressively melted, the fluid
glassy matrix with small needle-like shaped crystals
could further flow into the surface irregularities of the
zirconia substructure, forming a strong micromechanical
bond.

When the primary and secondary dentin porcelain
layers were fired at temperatures of 910°C and 900°C
respectively, diffusion bonding was created between
the primary and secondary porcelain layers. This
enhanced the overall cohesion for the veneer. Therefore,
the highest shear bond strength of VITALi850 was a
result of lithium disilicate glass-ceramic forming good
adhesion to zirconia and the two veneering porcelain
layers. Moreover, the increased mechanical strength of
VITAL1850 could have resulted in the combined failure
mode observed in lithium disilicate glass-ceramic liner,
as shown in the back-scattered SEM image (Fig. 4).

After thermocycling, the mean SBS of porcelain-
veneered zirconia with lithium disilicate glass-
ceramic liner was dramatically decreased. Based on
our experimental observation, it was probable that
hydrolysis weakened the bond between the glass-
ceramic interlayer and zirconia by dissolution. Both
ions and crystals were released from the glass-ceramic
into the solution, consequently exposing the zirconia
interface to hydrolysis as well. Glass corrosion (at pH
2, 7 and 10) caused by hydrolysis had been reported by
Esquivel-Upshaw et al.'”. They showed that leaching
of ions could occur in neutral as well as in acidic and
alkaline environments'?. In the present study, the effect
of leached ions was not investigated.

Even when thermocycled at low temperature,
hydrolysis and stress generated by thermal shock might
induce the transformation of zirconia from the metastable
tetragonal phase to the stable monoclinic phase (Fig.
5) with 4.5 v% expansion®>?V, Stress accumulated in
the zirconia surface after thermocycling was released
during the SBS test, thus resulting in crack propagation
across the entire interface of VITALi850 specimens
after 10,000 times of thermocycling.

The release of accumulated stress during porcelain
firing should not be overlooked. Promising findings
of the present study warrant future clinical study in

search of a better solution to reduce porcelain chipping/
delamination from zirconia substructures.

However, results of the present study did not agree
with a previous research which found that shear bond
strength between zirconia substructure and veneering
porcelain was not affected by thermocycling?®. The
contradiction could stem from the great difference in
bonding area size, which was three times greater than
that of the present study.

CONCLUSIONS

Mean SBS between veneering porcelain and zirconia
substructure was significantly improved with lithium
disilicate glass-ceramic liner. Within the limitations
of this study, factors that led to the improved SBS are
given as follows:

1. Firing temperature had an effect on the contents
of crystal phases and microstructure of lithium
disilicate glass-ceramic liner. Notably, the firing
temperature of glass-ceramic liner (first layer)
had an effect on the SBS between zirconia and
veneering porcelain.

2. Optimal contents of glass matrix and crystal
phases with high strength were needed to form
strong diffusion bonding between glass-ceramic
liner and zirconia substructure.

3. Good cohesion between glass-ceramic liner and
veneering porcelain.
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